The natural retinoids retinol, retinaldehyde and retinoic acid ultimately have their origin in a small number of plant carotenoids, predominantly fl-carotene, since animals are incapable of synthesis de novo of such substances exhibiting vitamin A activity and possessing an isoprenoid substructure.
not hydrolysed to retinol in the rat in vivo or in HL-60 cells in vitro (A. B. Barua, J. Gallup & J. A. Olson, unpublished work) . Secondly, it is not biologically active in stimulating rat growth; indeed it rather seems to enhance the appearance of deficiency signs in test animals (A. B. Barua & J. A. Olson, unpublished work) . Nonetheless, it is active in stimulating the differentiation of HL-60 cells, but only at quite high concentrations (J. Gallup & J. A. Olson, unpublished work) . Both are formed in the endoplasmic reticulum of liver cells, and retinoyl /l-glucuronide is formed in intestinal cells (Zile et al., 1982; Sklan, 1983) . High vitamin A intakes enhance the formation of glucuronides of vitamin A in the liver (Sklan, 1983) . Both glucuronides are water-soluble, of course, and consequently circulate freely without need of carrier proteins.
Although the role of the glucuronides in the physiology of vitamin A action is not known, they might serve: (1) as intercellular transfer agents, one providing an active vitamin and the other an inhibitor, (2) as feedback signals to enhance or inhibit the release of holo-RBP from the liver, (3) primarily as excretion products, even though both are involved in an enterohepatic circulation of vitamin A metabolites, and (4) in yet undefined ways in cellular differentiation.
These compounds may be part of a spectrum of vitamin A compounds with related but different functions, which include as well retinol and retinal, with full vitamin A activity, and retinoic acid, with limited activity. The further elucidation of the roles and interplay of these natural watersoluble derivatives of vitamin A will be followed with interest. Studies in vivo have shown that vitamin A is essential for normal development, reproductive capacity, vision and the maintenance of several epithelial tissues (Sporn et al., 1984) . Although the role of vitamin A in the visual cycle has been elucidated in some detail at the molecular level, little is known about the mechanisms by which retinoids influence other biological functions. Currently much attention is focused on the regulation of differentiation by these agents using several cell systems in vitro (Breitman, 1982; Abbreviations used: cRBP, cellular retinol-binding protein; cRABP, cellular retinoic acid-binding protein.
1986). The objectives of our studies are to understand the molecular mechanism that regulates the differentiation of airway epithelial cells and the role that retinoids have in controlling this process. For this purpose we have developed a culture system using rabbit tracheal epithelial cells (Jetten & Smits, 1985) . This system responds to retinoids and appears an attractive and physiologically relevant model to study the mechanism of action of retinoids in vitro.
The tracheal epithelium consists of a pseudostratified, columnar epithelium which contains ciliated, basal and secretory cells (Breeze & Wheeldon, 1977) . Ciliated cells are not able to undergo cell division and are considered terminally differentiated cells, whereas basal and secretory cells are able to proliferate. During vitamin A deficiency the tracheal epithelium undergoes squamous metaplasia and cornification (Wilhelm, 1954; Wong & Buck, 1971; Chopra, 1982) . This pathway of differentiation is also observed in tracheas of animals exposed to toxic agents or after mech-618th MEETING, LIVERPOOL 93 1 anical injury (Harris et al., 1972; Chopra & Cooney, 1985) . Most investigators have concluded that the basal cell is the stem cell of this epithelium, producing secretory and ciliated cells as differentiated progeny in the presence of vitamin A, and squamous, cornifying cells when tissues are depleted of vitamin A. Another hypothesis has been put forward proposing that the secretory cell is involved in squamous metaplasia during vitamin A deficiency (McDowell et al., 1984) .
Rabbit tracheal epithelial cells in culture, when grown on collagen I/fibronectin-coated dishes in serum-and vitamin A-free medium, undergo terminal squamous cell differentiation under a variety of conditions. This differentiation process appears to occur in two sequential steps . First, cells undergo terminal cell division, which is characterized by the accumulation of cells in the GO/GI phase of the cell cycle and the loss of the ability of cells to form colonies after subculturing. Terminal cell division occurs at high cell density or can be induced at lower density either by the removal of epidermal growth factor from the growth medium or by the addition of transforming growth factor fi. Terminal cell division is followed by the expression of a squamous differentiated phenotype which is characterized by the appearance of a squamous cell morphology, changes in the synthesis of several biochemical markers and ultimately by the formation of cross-linked envelopes (Jetten & Smits, 1985) . Cross-linked envelopes consist of an insoluble layer of cross-linked protein that is deposited beneath the plasma membrane (Rice & Green, 1979) . At least three factors are important in the formation of the envelope: specific proteins that form the constituents of the cross-linked envelope, the enzyme transglutaminase, which catalyses the cross-linking, and Ca" ions, which are required for the activation of the transglutaminase. Changes in any of these factors might be expected when cells undergo squamous differentiation. We have found that cells in the exponential growth phase contain a low level of type I-(epidermal) transglutaminase (A. M. Jetten & J. E. Shirley. unpublished work) . This level increases 30-fold at the plateau phase of the growth curve when cells undergo squamous differentiation. We have shown that a monoclonal antibody raised against type I-transglutaminase reacts strongly with cells in metaplastic, cornifying areas of tracheas from vitamin-A deficient animals but does not react with cells in the normal epithelium. These findings suggest that, in vivo, squamous differentiation and cornification of the tracheal epithelium is also associated with an induction of type Itransglutaminase and support the notion that our cell system is a physiologically relevant model to study squamous metaplasia in vitro.
Squamous differentiation of rabbit tracheal epithelial cells is accompanied by a 100-200-fold increase in incorporation of [3SS]sulphate into cholesterol sulphate (J. I. Rearick & A. M. Jetten. unpublished work). We have found that this increase is related to an enhancement in sulphotransferase activity, the enzyme involved in the synthesis of cholesterol sulphate. The biological function of cholesterol sulphate is not known; we are speculating that an increase in its level affects the permeability characteristics of the cell membrane. Increased permeability to Ca2+ could cause activation of transglutaminase and induction of cross-linked envelope formation.
Keratins are the constituents of intermediate filaments (Steinert et a/., 1985) . The expression of these proteins has been shown to depend on the differentiative stage of cells. Squamous differentiation of cultured rabbit tracheal epithelial cells is accompanied by changes in keratin expression (H. Smits & A. M. Jetten, unpublished work). During the exponential growth phase these cells express six major keratins with molecular masses of 40, 48, 50, 54, 56 and 58 kDa. At the plateau phase cells synthesize an additional Vol. 14 acidic keratin, designated 48' kDa, and exhibit increased levels of the 56kDa keratin. We speculate that these changes in keratin expression might be related to the formation of desmosomes which appear during squamous differentiation.
Inhibition of squamous cell differentiation by retinoids
How do retinoids affect this two-stage differentiation process? Treatment of rabbit tracheal epithelial cells with retinoids during the exponential growth phase has little influence on the growth rate of these cells. When retinoic acid-treated cells reach the plateau phase they still undergo terminal cell division, as evidenced by a sharp decrease in colony-forming efficiency; however, retinoids inhibit the expression of the squamous phenotype. We have shown that retinoic acid inhibits the increase in transglutaminase activity and the formation of cross-linked envelopes (Jetten & Smits. 1985 Jetten, unpublished work). After removal of retinoic acid. cells undergo squamous differentiation and the biochemical characteristics associated with it are manifested. From these results we concluded that the commitment to terminal cell division is insensitive to retinoids. whereas the expression of the squamous phenotype is controlled by retinoids. Thc results also show that terminal cell division and expression of the differentiated phenotype are two separable events. which are regulated, however, in a co-ordinated manner. The process of terminal differentiation is summarized in a diagram in Fig. l(u) .
Stimulation of' the secretory phenotype by retinoids
Cells grown on fibronectin/collagen I-coated dishes either in the presence or absence of retinoids do not synthesize mucous glycoproteins. indicating that the presence of retinoids is not sufficient for induction of a secretory phenotype. In several cell systems in vitro, maturation and differentiation have been shown to depend on an appropriate substratum (Lee et a/.. 1985) . We have recently demonstrated that hamster tracheal epithelial cells grown on collagen gel matrix produce mucous glycoproteins (Kim et al., 1985) . Rabbit tracheal epithelial cells grown on collagen gels in the absence of retinoic acid stratify and then become squamous and cornify in a manner similar to cells grown in fibronectin/collagen I-coated dishes. In the presence of retinoids cells still stratify but do not become squamous nor cornify. The cells in the lower layers appear undifferentiated and contain cells with proliferative capacity. The superficial layers consist of non-proliferative, columnar, polarized cells that contain few intermediate filament bundles and are connected by tight junctions. Some of these cells contain secretory granules. We have shown by histochemical staining with lectins that these granules contain glycoconjugates. Biochemical analysis of the ['H]glucosamine-labelled secretory products showed the release of mucous glycoproteins, which were identified by the following criteria: high molecular weight, insensitivity to proteoglycan-degrading enzymes, the presence of 0-glycosidically linked carbohydrates and monosaccharide composition (J. 1. Rearick, M. A. Deas & A. M. Jetten, unpublished work). The stimulation of mucin synthesis by retinoids occurred at very low concentrations; the arotinoid Ro 13-7410 is effective at concentrations as low as 10 ' ' M (Fig. 2) . Our results indicate that either the maturation of, or the differentiation into, mucin-secreting cells is under the control of retinoids. Cyclic AMP has little effect on squa- 
rerinoids
(a) Schematic view of squamous differentiation of cells grown on collagen/fibronectincoated dishes (CFE; colony-forming efficiency; TGase, transglutaminase). At least two stages can be identified. In the first. retinoid-insensitive, stage cells undergo terminal ccll division; this is followed by the expression of the squamous phenotype. This latter stage is stimulated by high concentrations of Ca2' ions but inhibited by retinoids. (h) Schematic view of the differentiation of cells grown on collagen gels. In the absence of retinoids. cells undergo squamous differentiation; however, the presence of retinoids induces a secretory phenotype and mucin production. The synthesis of mucin is enhanced by cyclic A M P (CAMP). m o w differentiation and does not affect mucin production in cells grown in the absence of retinoids. However, it does stimulate mucin synthesis in retinoic acid-treated cells. Our interpretation of these results is schematically presented in Fig. I(b) .
Mechnism of action of' retinoids
Little is known about the mechanism by which retinoids modulate cellular differentiation. Chytil & Ong (1983) first identified specific retinol-and retinoic acid-binding proteins, designated cRBP and cRABP, respectively, in cytosolic preparations of many tissues. They proposed that these binding proteins mediate the translocation of retinoids to the nucleus where they interact with the chromatin and modify gene expression. Several reports have provided evidence that could support this hypothesis. Retinoid-binding protein complexes have been found to associate with the nucleus and to bind to chromatin (Jetten & Jetten, 1979; Liau et al., 1981) . After binding, the complex appears to dissociate and the binding protein to return to the cytosol. These results suggest the presence of specific acceptor sites for retinoids on chromatin. Interaction with these acceptor sites could induce changes in chromatin structure and/or affect the binding of transcriptional factors to the chromatin resulting in alterations of the transcriptional activity of specific genes.
But until these acceptor sites have been characterized and shown to modulate the transcription of specific genes, a direct role for retinoids at the genome level remains speculation.
Both retinol-and retinoic acid-binding proteins have been identified in rabbit tracheal epithelial cells at levels of 2.6 and 6.1 pmol/mg of protein, respectively (Jetten & Smits, 1985) . Two lines ofevidence suggest that cRABP is important in mediating the effect of retinoids in these epithelial cells. First, a good correlation exists between the efficacy of retinoids to bind to cRABP and their ability to inhibit transglutaminase activity or the levels of cholesterol sulphate (Jetten & Smits, 1985 ; J. I. Rearick & A. M. Jetten, unpublished work) . Second, retinoids are active in rabbit tracheal epithelial cells at very low concentrations. Retoinic acid inhibits transglutaminase and cholesterol sulphate levels and stimulates mucin production at concentrations as low as 1 0 ' o~. One of the most active derivatives is the arotinoid Ro 13-7410 which is active at 10 I'M. These findings suggest that specific high-affinity acceptor sites are involved in this action of retinoids.
The increase in the 48' and 56kDa keratins during squamous cell differentiation and the inhibition of this increase by retinoic acid are related to alterations in the level ofcorresponding mRNA (H. Smits & A. M. Jetten, unpublished work) . The effect of retinoic acid on transglutaminase and sulphotransferase and the production of mucous glucoproteins are possibly related to changes in their mRNA level as well. This would be in agreement with a role for retinoic acid in the regulation of gene expression. Changes in the level of these mRNAs could be due to alterations in the transcription rate of these genes which would be consistent with the above hypothesis proposing specific acceptor sites for retinoids on the chromatin that can affect gene expression. Alternatively the level of these mRNAs could be controlled post-transcriptionally via changes in the processing, transport and/or stability of the mRNAs. To address these possibilities we have developed a cDNA library from poly(A+) RNA isolated from squamous differentiating cells and have obtained recombinant cDNA clones that hybridize with mRNAs that are expressed only in squamous differentiated cells and not in undifferentiated or retinoic acid-treated cells (Fig. 3) . We feel that these clones will be very helpful 
